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Abstract THz extinction spectroscopy extends UV-Vis and
NIR-spectroscopy to characterize particles from fine pow-
ders and dust to sand, grains and granulated materials. We
extract particle sizes from the spectral position of the first
peak of the interference structure and size distributions from
the visibility of the fine ripple structure in the measured ex-
tinction spectra. As such, we can demonstrate a route for a
quick determination of these parameters from single mea-
surements.
Keywords THz spectroscopy · granular media · particle
sizing
PACS 07.57.Pt · 42.25.Bs · 81.05.Rm
1 Introduction
Currently emerging THz technologies offer new ways for in-
vestigations of granular particle ensembles. The wavelength
of THz radiation in the range of 30 µm to 3 mm [1] matches
particle sizes in many typical granular media. Consequently,
situations known from measurements in the colloidal regime
using visible light or from x-ray based measurements on
atomic and molecular structures can be reproduced. Many
quantities obtainable from angle-resolved scattering and spec-
trally resolved transmission measurements become highly
sensitive to particle size and other geometric features of the
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samples, such as degree of polarization, scattered intensity
and extinction [2].
Light scattering methods for granular media like laser
diffraction, presently using visible light, offer significant ad-
vantages over image analysis and analytical sieving, such as
fast and potentially in-situ screening of large particle num-
bers [3,4,5]. Angle-resolved static light scattering measure-
ments in the THz regime from granular media have been
shown to deliver particle sizes and packing characteristics
of thin samples [6].
Here we show the possibility to characterize particles
in granular media using broad-band THz spectroscopy, a
method that offers some advantages compared to monochro-
matic angle-resolved measurements. Spectroscopic measure-
ments can be performed both in transmission or reflection,
without the need to move the detector during the measure-
ment, and with multiple-scattering samples where only little
information is gained from angle-resolved scattering. Thus,
even samples with limited accessibility can be remotely char-
acterized. Spectroscopic measurements in the ultraviolet, vis-
ible and infrared spectral ranges are a common approach in
remote sensing to determine particle sizes [7,8,9,10] and
are applicable for process monitoring in industrial process-
ing of powders [11,12]. Extending the spectral range to the
THz region allows for extending these remote measurement
techniques to the domain of sands, soils, grains and granu-
lated powders.
We present experimental THz extinction spectra of gran-
ular media which illustrate the sensitivity to the size and the
size distribution of macroscopic particles. We reconstruct
the extinction spectra by taking into account the detector
resolution and the particle size distribution. Relations are in-
ferred from these calculations to derive the particle size dis-
tribution from measured extinction spectra. The results are
verified using light microscopy and image analysis. Finally,
we discuss the applicability and limitations of the method.
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Fig. 1 Light microscopy images of the nearly monodisperse spheri-
cal polystyrene (PS, here PS 250) and polyethylene (PE, here PE 500)
samples and the technical grade Teflon (PTFE) and salt samples used
in this work.
2 Experimental
The measurements were carried out in transmission geome-
try under vacuum (0.1 mbar) using the high-resolution FT-
IR spectrometer Bruker IFS 125 HR available at the BESSY
II storage ring [13]. The spectral range of the measurements
shown here covered wavenumbers ν = 20 . . . 370 cm−1 (i.e.
wavelengths λ = 500 . . . 27 µm, or frequencies f = 0.6
. . . 11.1 THz). In this particular case the spectral range was
limited by the selected source (internal Hg-lamp), the 6 µm
multilayer-mylar beamsplitter and the detector, a 4.2 K Si-
Bolometer (Infrared Labs). Using coherent synchrotron ra-
diation, a 1.6 K Si-Bolometer and a 125 µm beamsplitter
transmission measurements down to 2 cm−1 are feasible [14].
The resolution was selected at 0.5 cm−1 (maximum resolu-
tion of the instrument is 0.0063 cm−1). Two iris diaphragms
in front and behind the sample holder with inner diameters
of 10 mm constrained and collimated the radiation.
Particles were either fixed in the light path on transpar-
ent adhesive tape or within thin sample compartments made
from polyethylene foil. Samples were nearly monodisperse
spherical particles made from polystyrene (PS, Microbeads
Dynoseeds, nominal diameter 80, 140, 250 and 500 µm) or
polyethylene (PE, Cospheric CPMS, nominal diameter 90,
250 and 500 µm), and technical grade Teflon (PTFE, 3M
Dyneon PTFE Granules TF1641), salt and sugar (Fig. 1).
The extinction spectra were obtained by measuring the ex-
tinction of the empty sample holder as reference and subse-
quently the sample holder with particles. In case of measure-
ments with sample compartments the PE foil windows were
gently inclined in order to suppress Fabry-Pe´rot oscillations
in the reference spectra.
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Fig. 2 Measured extinction efficiencies Qe of PS (upper panel) and PE
(lower panel) particles. The labels indicate nominal particle diameters
in µm. The inset in the upper panel shows a close-up of the first ex-
tinction peak plotted as a function of the phase shift ρ created by the
PS particles. The offset curves are sorted by the polydispersity of the
particles (color-coding as in the main diagram). The top curve is the
calculated extinction efficiency of monodisperse particles.
The extinction E of the samples was obtained from the
measured intensity with sample I1 and the reference inten-
sity I0 by E = −ln
(
I1
I0
)
. Lambert-Beer’s law suggests that
this extinction is proportional to the extinction efficiency Qe
of the particles up to a proportionality factor,
I1 = I0 · e−Φ ·Ap·L·Qe ≡ I0 · e−E , (1)
with Φ the number density of particles, Ap the geometrical
cross-sectional area of the particles, and L the sample thick-
ness in direction of the beam. We scale all extinction spectra
to the same maximum value to compare to theoretical pre-
dictions.
The spectroscopy results on particle size and size dis-
tribution were compared to results from image analysis for
verification. Particles were fixed on carbon tape and investi-
gated in a Zeiss AxioImager.A1m microscope in reflection
mode. Roughly 100 to 600 particles are analyzed using the
ImageJ software [15] to obtain the particle radii and the ra-
dius distributions.
The measured extinction spectra are compared to theo-
retical predictions of the spectral extinction efficiency by the
Mie theory for scattering from monodisperse spheres. We
used refractive indices of PS (m ≈ 1.59 + i0.002) and PE
(m ≈ 1.55 + i0.001) available from the literature [16] and
the radii of the particles from light microscopy as input pa-
rameters. The actual calculations of the Mie extinction effi-
ciencies were performed using a MatLab-implementation of
the code proposed by Bohren and Huffman [17,18].
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Fig. 3 Calculated extinction efficiencies Qe of particles with radius
a = 125µm and the refractive index mPS of polystyrene. The upper
diagram shows the effect of increasing the polydispersity index PDI
of the particles from 0 to 20 (in steps of 3), which first smears out
the ripple structure and consequently the interference structure. The
lower diagram illustrates the influence of detector resolutions ∆ν of
0.015 cm−1, 0.1 cm−1, 0.5 cm−1, 1 cm−1, 5 cm−1, and 10 cm−1. The
decreasing resolutions suppress the visibility of the ripple structure.
3 Results
Figure 2 depicts the measured spectroscopic extinction for
the PS and PE particles. The spectra all show a characteristic
strong extinction peak with successive decaying oscillations.
The extinction maximum shifts towards smaller wavenum-
bers ν with increasing particle size. A quantitative relation
among the extinction spectra and the particle size can be in-
ferred from the phase shift ρ = 2 · x · |m− 1| created by the
particles, where x= 2pia/λ = 2pia ·ν/10000 is the size pa-
rameter of a particle with radius a at a wavelength λ and m
is the refractive index of the particles. In particular, the first
extinction maximum occurs at a fixed phase shift created by
the particles of ρ ≈ 4.2 [2]. The measured extinction spec-
tra consequently collapse on a single curve when plotted as
a function of the phase shift (see inset in Fig. 2). Picking
the wavenumber νmax at the first extinction maximum gives
a quick estimate of the mean particle size,
aspec ≈ 4.2 ·100004pi|m−1| ·νmax (2)
The maximum position from the measurements and re-
lation (2) together with refractive indices available from the
literature [16] gave the particle radius aspec. A good agree-
ment with particle radii from image analysis is found (see
below, Fig. 5).
The measured extinction, however, differs from the pre-
diction for the extinction efficiencies of monodisperse spheres
as obtained from Mie theory (see inset in Fig. 2). Extinc-
tion by dielectric spheres features a series of maxima and
minimima with a strong leading maximum, qualitatively ex-
plainable by favorable and unfavorable interference of light
diffracted and transmitted by the particles, and a finer super-
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Fig. 4 The relation between the polydispersity and the average slope
∇Qe of the calculated extinction spectra. The calculated average slope
∇Qe of the respective extinction spectrum is plotted as a function of the
polydispersity index PDI used in calculating Qe, for different detector
resolutions ∆ν . Two linear relations for the PDI as a function of the av-
erage slope are found by fitting, depending on the detector resolution.
imposed ripple structure [2]. Two important aspects limiting
the visibility of those features are the selected spectral reso-
lution of the instrument and the size distribution of the par-
ticles in the sample under investigation. We take advantage
of these dependencies in order to retrieve the particle size
distribution, or polydispersity, from the measurements.
The measured extinction efficeincy Qe at each data point
νi is actually a smoothed value given by the spectral resolu-
tion of the detector:
Qe(νi,∆ν) =
1
∆ν
∫ νi+(∆ν/2)
νi−(∆ν/2)
Qe(ν)dν , (3)
where ∆ν = |νi−νi+1| defines the spectral resolution of the
detector. Figure 3 shows the smoothing effect of several de-
tector resolutions ∆ν . This smoothing is overlayed to the
effect of polydispersity in a measurement and may limit the
sensitivity to the particle size distribution.
The polydispersity of the particles induces an effective
extinction efficiency which depends on the particle radii dis-
tribution N(a) [2],
Qe,e f f (νi,N(a)) =
∫ ∞
0 Qe(νi,a) ·pia2 ·N(a)da∫ ∞
0 pia2 ·N(a)da
. (4)
We suggest to avoid the costly and time-consuming compu-
tation of Qe for many radii a to perform the integral, as Qe
only depends on the phase shift ρ . It is sufficient to calcu-
late Qe for one a0 and then shift the Qe spectrum for each a
according to
Qe,e f f (νi,N(a)) =
∫ ∞
0 Qe(ν =
a
a0
·νi,a0) ·pia2 ·N(a)da∫ ∞
0 pia2 ·N(a)da
(5)
We assume a Gaussian distribution of the particle radii N(a)
around a central radius a0 to investigate the influence of the
polydispersity on the extinction. The relative width of the
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Fig. 5 Results of the particle characterization using THz spectroscopy.
The upper diagram shows the particle radii measured using THz spec-
troscopy (aspec) plotted versus the radii measured using light mi-
croscopy (alimi). The lower diagram shows the polydisersity index
measured using THz spectroscopy (PDIspec) plotted versus the poly-
dispersity measured using light microscopy (PDIlimi). The dashed lines
give the diagonals, aspec = alimi and PDIspec = PDIlimi
size distribution is conveniently described by the polydis-
persity index PDI derived from the the standard deviation σ ,
PDI = (σ/a0) ·100. Figure 3 shows the calculated effective
extinction efficiencies. The finer structures of the extinction
spectra vanish and the interference peaks shift slightly to-
ward smaller wavenumbers with increasing polydispersity.
The smoothing of the extinction spectrum by the poly-
dispersity suggests a useful measure for the polydispersity.
We characterize the spectra given in Fig. 3 by the average
absolute slope of the curves ∇Qe ,
∇Qe ≡
∣∣∣∣dQedρ
∣∣∣∣≈ ∣∣∣∣Qe(νi)−Qe(νi−1)ρi−ρi−1
∣∣∣∣, (6)
which we calculate for ρ from 2 to 10 in order to compare
with the experiments. Figure 4 plots the calculated slope
of the extinction as a function of the polydispersity index
PDI for different detector resolutions ∆ν . The maximum de-
tectable slope of the extinction is set by the detector resolu-
tion, and increasing polydispersity continuously lowers the
slope. We fit two straight lines to derive functions which al-
low us to calculate the polydispersity from a measured slope
of the extinction. For slopes below 0.6 we obtain (fit 1):
PDI = 47.9−68.7 ·∇Qe . (7)
Higher slopes are only well resolved by measurements with
resolutions ∆ν ≤ 1 cm−1. In this regime, with slopes larger
than 0.7, we obtain (fit 2):
PDI = 5.9−5.6 ·∇Qe . (8)
With the particle radius aspec known from relation (2) the
extinction spectra can be plotted versus the phase shift ρ (in-
set in Fig. 2). With a common abscissa the average slope of
the measured extinction∇Qe can be calculated and evaluated
50 100 150 200 2500
1
2
3
4
  [cm-1]
 
 Q e
 PTFE salt sugar
Fig. 6 Measured THz extinction efficiencies of polydisperse, non-
spherical particles. PTFE, salt and sugar particles exhibit extinction
peaks which allow to extract average equivalent sphere radii.
using the relations (7) and (8). The obtained PDIs can again
be compared with PDIs determined by visible light image
analysis. Figure 5 depicts the results of this evaluation.
Finally, the applicability to technical grade samples was
tested. Without further treatment PTFE, salt and sugar were
spread on adhesive tape and measured. In Figure 1 light mi-
croscopy images of the samples are displayed (sugar gave
similar images as salt). The particles were non-spherical and
exhibited broad size variations. Determination of the particle
size in such samples using image analysis would be labori-
ous, if not impossible, as the broad size variation demands
high particle numbers to be evaluated, while the irregular-
ity makes automated detection difficult. The THz extinc-
tion spectra of these samples (Fig. 6) reflect these proper-
ties, albeit extraction of averaged information on these mea-
surements is much faster and more direct than from image
analysis. The extinction spectra of PTFE, salt and sugar ex-
hibit distinct first extinction maxima, which immediately al-
low to extract average equivalent sphere radii (asalt, sugar ≈
220 µm,aPTFE ≈ 65 µm, using an assumed m= 1.6).
4 Discussion
The results presented in Fig. 5 demonstrate that THz extinc-
tion spectroscopy is a promising method for measuring par-
ticle sizes and size distributions in granular media. The par-
ticle radii determined from spectroscopy reproduce the radii
from light microscopy very well, with a correlation coeffi-
cient of 0.995. The size distributions determined by the two
methods clearly follow the same trend (with a correlation
of 0.96), however, the spectroscopic PDI are offset towards
smaller values compared to the image analysis results. The
reason is not clear yet. Potential factors influencing the mea-
surement results have to be investigated in detail, such as
sample preparation, image processing and particle number
statistics (only 100-600 particles are investigated with im-
age analysis) and the assumed ideal Gaussian distribution
for deriving relations (7) and (8).
The potential applicability of the method motivates a
discussion of the limitations. The precision of the measure-
ments is influenced by three factors: a good estimate of the
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refractive index m in the spectral region under considera-
tion, a well resolved first extinction peak of the interference
structure, and an extinction that is caused by undisturbed
scattering by individual particles.
The refractive indexm in the THz regime is already avail-
able for many materials from the literature [16,19,20,21].
It can also be measured using THz spectroscopy and bulk
samples [22]. However, while many unpolar and disordered
materials like PE and PS have nearly constant refractive in-
dices in the THz range, other materials may exhibit strong
variations in the refractive index which cause spectroscopic
features superimposing the interference structure. In such
cases, the extinction spectra must be evaluated with care.
A well resolved extinction can only be obtained if the
spectral range is adapted to the particle size. This defines the
measurement range of the method. In the experiments pre-
sented here we used a spectral range of ν = 20 . . . 370 cm−1,
which limits the resolvable particle radii to a≈ 300 . . . 15 µm
(using eq. 2). Using other instrument settings and coherent
synchrotron radiation from the storage ring BESSY II, mea-
surements down to 2 cm−1 can be performed and conse-
quently measurement ranges up to particle radii a ≈ 5 mm
are feasible. These lower wavelength limits are mainly given
by the quasi-optical properties of the setup. They come into
reach even with modern THZ-TDS spectrometers [1], but
we note here that an in-vacuum operation of these experi-
ments is mandatory to avoid spectral distortions by atmo-
spheric extinction.
The sensitivity of spectroscopy to the particle size origi-
nates from the extinction of light passing through the sample
by scattering [17]. The method thus can only be expected
to deliver reliable results when the scattering process of the
particles is undisturbed. Disturbances of the scattering pro-
cess happen when the particles in the sample come too close
together. The scattering process becomes disturbed in this
case by positional correlations among the sample and inter-
ference of light scattered from adjacent particles [23] and by
coupling of the scattering of particles within the near-field
of each other [24]. Although this limits the applicability of
spectroscopy to determine particle in terms of packing den-
sity, it goes far beyond laser diffraction with visible light,
which is restricted to single scattering samples [3]. Detri-
mental effects of the packing density on the extinction spec-
trum were estimated to appear above packing fractions of
0.2 [25].
5 Conclusions
We demonstrated a particle characterization method in gran-
ular media using THz extinction spectroscopy. Particle sizes
and size distributions were obtained that reproduced results
obtained using visible light image analysis. With illuminated
areas in the square centimeter range and potential applica-
tion to multiple scattering samples, thousands of particles
are investigated simultaneously, giving the measurements a
high validity. These benefits come at the cost of dependence
on more parameters than image analysis or laser diffraction
within the Fraunhofer approximation. Extinction depends on
the particle size and the complex refractive index of the par-
ticles. Exact measurements consequently require knowledge
of the refractive index of the material in the spectral region,
which can be measured with the same THz spectroscopy in-
strument on tailored samples.
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